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FIELD OF THE INVENTION 

DarticulLlvT"LH?H'',^— '^''"cation Of dielectrics on semicondiictor devices, and more 

S aSminpW^^ °" « semiconductor device using electrical 

insulators made of porous dielectric rriaterials. 

BACKGROUND OF THE INVEIfTION ' 

^ Semiconductors are widely used in integrated circuits for electronic devices such as computers and 

SrfZ cLol^.^'"*T*'' T"^ - - -"9'- -^^tal silirn chip to 

u^r^rn! ^ functions and store data. Semiconductor and electronics manufacturers, as well as end 
users, desire mtegrated circuits which can accomplish more in less time in a smalle package whSe 

simXSnlra TLt"""' °' ''''' ^ -^"^ othor^ForTstani 

simply shnnking^the feature size on a given circuit from 0.5 microns to 0.25 microns can increase powe 

Sro7i^roen. ?• "'^r--.^-'"-9 °P--«-al speed generally doubles power consumption MinTa^ 

siSt^rthfcAr"^^^ 

iXfp^oTerd^L^ o^^^^^^^ ^"'^^^'^'^ ^'^'^ --9'" - 

.0 the ?nTuiroU * or'^'diSi ^^'^^^^.'^^"^""'P^O" and crosstalk effects is to decrease the dielectric constant of 
20 the insulator or dielectric, which separates conductors. Probably the most common semiconductor 

vl'mThas"; d>. T"" ' °' ^'^-^ (i-rdrng pal 

been devis^d^o ''TT ' ^ ^°"^«^"«""V- --V capacitance-reducipg schemes have 

been devised to at least partially replace solid dielectrics with air. 
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aas ufr) dielecWcs whi^h "^^"'^ ^' °" ^""^ 1991- describes a method for fabricating 

fsuci al ronH ^ ^^'^P"^^^ depositing a temporary layer of removable material between supports 
ixtJctina ZtT \,''°"T^ """^ '^^PP'"^ insulator layer, opening access holes in the cap. 
extracting the removable matenal through these access holes, then closing the access holes. This method 

and aLnm?n!-r"^KTf r ''^"^""^ ^'^"'^^^ consideration of access hole locations in the deSgTrules 
thenl ua the I^Z T^^ ^"^"'^'"^ «x«^« Processing steps to create and 

then plug the holes This method may also create large void areas which have essentially no means of 
handling mechanical stress and heat dissipation.. . . • '"'"'V r° f"®^"^ or 

whir^hH^r*' '° Sakamoto, on Apr. 7. 1992. describes a multilayered wiring structure 

whch decreases capacitance ^by employing a porous dielectric with 50%.to 80% porosity (porosity is the 
percentage of a structure which is hollow) and pore sizes of roughly 5 nm to 50 nm Thff structure is 
typically formed by depositing a mixture of an acidic oxide and a basic oxide, heat trLng to St^^^^ 

Sach^^o I^^nt P r ''^'^"'^ P^^*^^'^ °' °x'd« '"^y not be reached by the 

lod^um and'l^l T T^'^' °' ^^^^"''^^ basic oxides' (including 

usuLllvavoliH'"'"^ are generally considered contaminants in the semiconductor industry, and as such are 
dmic!i th ^ Pr^'i"^*'^" ^"^'''•on'^ent. Creating only extremely small pores (less than 10 nm) may be 
a"r 'micrandts'^^ ''^'^'^^ scalJtowLs 
used'^'lor<fl""r°'^ °I °" semiconductor substrates (the term "substrate" is 

dScribed t^^U sTat Mn"?rS>f^^^^ *° ^'^^ conductor/insulator, level of Interest) is 

aef techninl h v '^^^^^ *° drinker et al.. on Mar. 24. 1987. This patent teaches a sol- 

Slu^n rdlli.? ^'^•^ pore size (Sameter). wherein a 

^°olh evaooration Si>rth i'''^*^' ""^ cross-linked and densified by removing the solvent 

nln^r ^f^^-^eby leaving a porous dielectric. This method has as a primary objective the 

t4 iTf^S^a'^e t^S "'"'^^^^'"^ '^""^^^"^ app,ications.'Die.ecUs torme<. by 

duLa dt?nn Thl^H H ^ ° ^ Pe^-^anent film thickness reduction of at, least 20% 

tooTaraJtor^. ^'^ (e.g., 40%-50%) can only be achieved at pore sizes which are generally 

fTna sTructorer^^^^ applications. These materials are usually referred to as xerogels.-.althLgh the 

Slti SSltnnrn I" ^ f" °P^"-P°^«^ (the pores . are generally interconnected, rather than being 

isolated cells) porous structure of a solid material. . , ; . ^ y 
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SUMMARY OF THE INVENTION 

L" reduced contact area. This can rnake' the interface be^^^^^^^ a porous and . non- 

porous layer weaker (and therefore rr^ore likely to fail) than the porous structure tself , 

Another heretofore unrecognized, but related, problem with such porous layers ,s the fragility of an 

while sublayers of greater than 50% porosity are preferable for low d.electr.c constant sublayers (greater 
''^^e'^pS^^^^^^^^^^ -ethod Of forming a porous dielectric on a semicohductor device 

Co^Jons or altering the gelling conditions at each sublayer. P°--^J"^--*^^ 

Sts rL-dMng atmosphere An alternate method of controlled diving "^^^ ^-^^^f^^^^^^^'^ 
LmSature of the wet gel during diving to alter the surface tension and/or other properties of the fo^e " ^ 
The prien^^^ aL provide structures for decreasing capacitive --^^';;i2oZerXZ 

devices, comprising a patterned layer formed on a substrate and a porous dielectnc '^V^^^^.^Pf '^f J^^^^'^.^'* 
Tn the oaos present in tKe patterned layer. The porous dielectric layer may be compnsed of at least two 
^ po Is diefectrsublay^ with pairs of'porous sublayers which share a common ^^--^ "^i^^^^^^^^^ 
fn porosity by at leist 20%. Preferably, the pores in the porous dielectric have an average pore ti^ame^ o 
Is than 80 nm (more preferably between 2 nm and 25 nm). The patterned layer may be strictly a layer of 
Sductdrf r a composite J conducting and insulating sublayers.- The porous sub ayers may be 
•SmarcS by a f^^y distinct transition, or by a more gradual, graded transition. The structu.-e may further 
45 comprise a non-porous dielectric layer deposited oyer the porous dielectrie layer. • • ; 

BRIEF DESCRIPTION OF THE DRAWINGS ' T \ ■ ; ' 

• This invention, indudmg various features- and advantages thereof 
.0 o. a person of a semicondu.U,r de.ce. illustr^ing several steps in 

* the aDPlication of an embodiment of the invention to a typical device. , . , ^ r.r^h r^nrn..ci 

■ i^hows a cros^sec^^ illustration of a second embodiment which does not include -a non-porous 

55 Rg'^3A^3D are graphs which illustrates porosity profiles for several possible embodiments of the 

Fia'^rshows a cross-section of another semiconductor device with three porosity regions; 
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conducto'rsr^ ^ cross-section of another structure with dielectric spacers affixed to the tops of 

FIG. 6 shows a cross-sections of yet another semiconductor device with three porosity regions and 

d.electnc spacers affixed both to the tops and bottoms of conductors; and 

FIG. 7 shows the device of Figure 6, after removal of a top portion of the upper layers. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

«mhnSi^nT^°?r"°";/?"/^ '""^''^'^ ^ semiconductor structure at several steps in a typical 

To 2 r ^' "^^ '"-«"«°"- Rg^re 1A. three patterned conductors 24 (e.g. of aluminum 

rtJll hoirr" rT""*w '^^^^^^ °" - 22. which may contain vias 

dl,^r/! ^ P ^ (not shown) for providing electrical contact between conductors 24 and lower layers of the 
fhir;« ««r^! IB, a gel precursor solution (some of which are described in detail in the specific 
w2^S 1 rr'^ -II'Vk " f ^'=P°«'*'on and gelling in the gaps between conductors 24 to form a first 
a^^oShil h ?r ■ I °' application may be. for example, a spin-on technique in a controlled 

atmosphere wh.ch l.m.ts solvent.evaporation. The precursor may be prepared, for exampJe. by the following 
2-step process. F.rst. TECS stock, a mixture of tetraethylorthosilicate (TECS), ethanol water, and HcT In 
?0 cSl'^^ r? "ITI 1:3:1.0.0007. is prepared by stirring these ingredients under constant reflux at 
ItTZlZ Cfo/1 .5 hours^ Secondly, 0.05 M ammonium hydroxide is added to the TEGS stock. 0.1 ml for 
each ml of TEOS stock. Since the addition of the ammonium hydroxide to the stock greatly increases 

thtsSn^r^r ^"""^ "^'^^ '^^y *° switch the'Sr Of 

Hri. n!r» H '^^ ? ^PP"^'' *° ""^'^ ^'^^""^ be taken to insure that the thin film 

orTa II' ^°"taining the solution/gel remains immersed either in liquid 

oe ed on th«^ atmosphere at all fmes prior to the drying stage. The precursor solution may preferably be 
gelled on the substrate, a process which typically takes from 1 minute to 12 hours, depending on the 
ShrohTmTv b. ° ''T '° ^90. generally about a day 

SpSI L .Tfiw''^'*^''^- ^* °' '""'^ temperatures. Gelation and aging may 

hoJra? a£ur3?r; r i'^^"^ ^ -«'^°5P'^ere for approximately 2I 

dSsLv be^LLft^rr /"^ ^ application of a gel precursor solution (which may 

form IrnnH , m ^'^^^ s°'"t'°") deposited and gelled over first wet gel sublayer 25 to 

?ondiSs L t.ntr '"''^""""^ ""^ ^"'"^^^^^ '° different gelirng/aging 

mTv bruseL fn hP^^^^^^ ""'"'."r °' ''^ '""^ '^^ Alternately, different solven? ratios 

may be used in the. precursor solutions to adjust the respective porosities 

subtevis^M andTp r r' '"""J:^''' ""^ ^""^ "''^ ^"^"^ *° P™^"^^ P°^°"^ dielectric 

first wet Th, "^'^"'^ ^P^^^ °' the invention illustrated herein is that 

structu?e ?.L H *^~"9h the overlying sublayer, since a continuous open-pored 

«nH f I!^ '! '"^'"^^'''^d ^bove the diving front (The diving front is the- boundary be^een 

seleld forsubla'.^^^^^^^^^ T ""^ '^'■"^"y- °" P^^^^'^V^ and'thickness 

JicWc Lr ""^^ be preferable to- follow the drying process with- deposition' of non-porous 

SosInTc^Herhn^^^^^ may preferably be composed of silicon dioxide deposited by a chemiC. vapor 

_ As one specific example of porosity tailoring, the porosities of sublayers 28 and 29 may be selected to 
L'twl'^^ri,?:: '^"'^ P--'»V sublayer may form a Llectt ^^^^^^^^^ 

sSedThanZn^ r ^ ' ^'^'""'"^ ^^'^ Same layer were 

Sar thf.. 1 ^ ! deposition, extremely thin pore walls (less than 10 atoms across in many places) 
S? ^nr^^T ""^'.K susceptible to breakage and formation of particulate contaminants. By capping the 
^nlaS^Tavolded' " ' ^^-.-Q ^ through, the denser top sublayer, fragility and breakage IrolSem? are 

Dhas?rh«'^r-^f Of drying a wet- gel involves evaporation of pore fluid along the 'current diving front. A 
formTno a^n-r^" '° vapor) exists, in the pores along the diving front, with the liquid |ore fluid 

^urTioeva-^^rrrnfTH^^"^'^^^' crescent. Shaped boundary between liquid pore fluid and vapor formed 
ZuSw lZT^VJ!!^!'^:^'^''^ " ^" '•"d"^^""" °' t»^« surface tension of the' pore fluid exerting an ihward 
P car^ t;e S2 to^ can^exert outward) pressure on^the walls of the pore. This capillary pressure 
P can be related to the pore.fluid surface tension Ts. the contact angle q (the angle at which^the fluid 
meniscus contacts the surface of the pore), and the pore radius r, by the equat on 
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During drying, a gel generally shrinks to a point where T'' is' in equilibrium with the strength of the gel. 
This shrinkage is one factor in determining the final porosity of a dried gel. Thus many of the techniques 
developed herein modify either the surface tension, contact ahgtev or pore radius to achieve desired 
porosity tailoring effects. However, it has been recognized that gel shrinkage during drying m general can 
cause a multitude of undesirable effects in microcircuit apfslications. ' ' . 

To circumvent the capillary pressure problem in monolithic xerogel synthesis, the aerogel technique has 
been developed. Generally, this variation of the xerogel technique removes a solvent from a wet gel under 
supercritical pressure and temperature conditions. By removing the solvent in the supercntical region, 
vaporization of the liquid solvent does not take place: instead, the fluid undergoes a constant change in 
density during the operation, changing from a compressed liquid to a superheated vapor with no 
distinguishable state boundary. This technique avoids the capillary pressure problem entirely, since no s ate 
change boundaries ever exist in the pores. Adapting the aerogel technique to semiconductor fabncation 
appears to be problematic and expensive: typical solvent candidates have high critical pressures (e^g. 
ethanol 924 psi. carbon dioxide. 1071 psi) which make application difficult in most circumstances. For 
instance these pressures may tend to crush previous layers of porous dielectric capped under atmosphenc 
pressure or force the wet gel into the pores of previous porous dielectric layers left uncapped, and may 
Require containment of the wet gel at the edges of the wafer to prevent the gel from being squeezed off the 
wafer before the gel can be dried. Nevertheless, a highly porous, finely pored d.electnc structure may^.be 
formed by this process under some conditions, making this supercritical technique possibly useful in the 

practice of the present invention. t,- u 

As an alternative to this, the present invention includes a group of novel tethniques which may be 
applied at a range of pressures from vacuum to near-critical, with atmospheric pressure being preferable 
. due to ease of handling and compatibility with previous porous layers. One similarity in these techniques^ is 
that a surface modification step is performed on the wet gel. replacing a substantial number o the 
molecules . on the pore walls with those of another species. This surface modification typically replaces 
reactive surface groups such as hydroxyls and alkoxyls with more stable surface groups such as methy 
groups thereby controlling undesirable condensation reactions (and shrinkage effects) during 9^1 drymgHt 
has been discovered that' by controlling the percentage of reactive surface groups replaced during-^he 
surface modification, the final shrinkage may be adjusted from the large shrinkage typical of an """jnod' jed 
xerogel (with uncontrolled shrinkage) to a shrinkage of only a few percent. heretotorejDnly achievable w tha 
supercritical aerogel technique. Typically, approximately 30% of. the- reactive^ surface groups must be 
replaced to substantially alleviate densifleatlon. Furthermore. , the replacement surface species may ^ be 
chosen because of its. wetting properties In combination with specific pore fluids; the surf ace, modification 
may result in a pore fluid contact angle closer to. 90 degrees. As the fluid contact-angle approaches 90 
degrees, the cosine of the contact angle Q goes to 0. and the capillary pressure- P of Equation 1 is reduced 
proportionally. It is believed that the surface modification prevents surface condensation reactions and may 
also reduce capillary pressure, by changing pore fluid contact angle, thereby allowing pores .n the surface 
modified gel to better survive drying. This novel technique can produce a. dielectrlcjayerv at atn^psphenc 
pressure, with average pore diameter, porosity, and- overall shrinkage resembling,. those of supercrit.cally- 

' dried aerogels. . ,-; , • 'v,. ■ x^. 

An additional benefit of the surface modification can be, hydrophobicity. It has been found that, for 
example, replacing only 15% of the reactive surface groups with methyl groups may be sufficient to cause 
the structure to be hydrophobic. , This . is an Important, feature for any material used in . semiconductor 
processing, but particularly so for. porous materials: ' If the porous surfaces are left . hydrophihc (water- 
wanting), the structure Is in many ways analogous to , a common household sponge., which, may hold.many 
times'.its welght. in water., However, the extremely small pore sizes allow- a hydrophilic porous d.electnc to 
rapidly gather water out of the surrounding air. the prevention, of which would be an added difficulty during 

; device fabrication, py making the pores .hydrophobic before the gel is dried. . these types of difficulties may 

Tn°accordance with the present invention. Figure 2 shows a second embodiment where the porous 
structure acts as both interlayer and intralayer dielectric. In this example, shrinkage is controlled during 
drying of porous sublayer 28. but uncontrolled (or controlled but allowed significant densifleatlon) for porous 
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wet oeT I^ITT ^'"V* ^ ^^-^^ ^'9"^^ '^>' '"^V ^^-^^^^^ from the 

wet gel preferably, by immersing the wafer In pure ethane!. A surface modification step may then be 
performed preferably by immersing the wafer in a hexane solution containing about 10% by volume 
mme hylchlorosilane (TMCS). After a brief reaction time, the unreacted surface modification compound is 
usually -^errioved by immersing the wafer in an aprotic solvent (e.g. acetone, hexane) and allowing excess 
solyem. to dram After this solvent exchange a process similar to that of Figure 1C may be used to deposit a 
second wet gel above the riow surface-modified first wet gel. If the second sublayer is left substantially 
unmodified, it may densily significantly during drying, while the modified underlying sublayer may remain 
substantially undens.fied. For 'example.' porous sdblayer 29 may only be 20% porous, while porous sublayer 
28 may have a porosity greater than 75%. If sublayer 29 extends far enough above conductors 24 and is 
fairly dense, it may be entirely suitable as an interiayer dielectric. 

The embodiments shown above include processes which use successive wet gel sublayer formation 
with each layer tailored individually. Other possible embodiments regulate the porosity profile of what is 
initially a single wet gel sublayer or layer to create similar effects. It is also possible to combine these two 
approaches ,n a single embodiment. Hgure 3A illustrates a typical porosity profile for a two successive 
sublayer approach. Figure 3B illustrates a similar profile obtained with a regulated single sublayer 
Typically, this approach results in a broader, more gradual transition region between porosities than the 
successive sublayer approach. Figure 3C shows a third porosity profile which is regulated to produce a 
highly , porous core "sandwiched" between two denser sublayers. Figure 3D is similar, but with a 
combination of approaches, where the first dense sublayer is gelled separately, and the porous core and 
second dense sublayer are formed from the same gel deposition. 

. Several techniques may be used separately, or combined, to control the final porosity profile of a gel 
deposition. One technique involves temperature-controlled drying. As drying proceeds, the temperature of 
nn™ r'^^ ""TT"^, ^^^^^ "^^^ temperature directly affects the surface tension of the liquid 

mav be fnit^"tl nn m''^'"^''^ ""'^^^"'^ ^^"""^^^^ ^'^'"^ ^^^"^P*^- drying 

?.Z^J T K r'^"^^ '^■t^ butanol. at an initial temperature of 0 degrees C. At some point, the 

s about 50/O higher at the cooler temperature, the upper portion of the gel may tend to shrink more than 
30 tempe^rturTchange ^ ^o^-'esponding to the location of the drying front at the time of the 

„nii,tTt^^''°"^''J«^*'""'"® *° 9®' ^ '"'■'^"'^ °' f^'^ which preferably have different 

volati and different>«urface tension and/or contact angle characteristics. As drying proceeds, the ratio of 
Kvlln l the higher volatility fluid tends to evaporate first. This causes a porosity profile to 

develop which is representative of the relative, concentration of the fluids. It is possible to select fluids to 
hn -THn'^t u transition, or vice-versa. For example, water (rs = 72 dyne/cm at 25 C 

b.p.-100. C) may be mixed with butanol (Ts = 24 dyne/cm at 25 C. b.p. = 117 C) to achieve a structure 
t^a^i'tionTntT"" ?" •"^'^""^ ^^'^'^^^ °^ '^^ determining the location of the 

ODoSte effl ThrlTT^^ "^l""''^" = ^ ^^"^ 2^ ^' '^•P =^8.5 C) to achieve the 

opposite effect. Three fluids may be combined to achieve a three-layer effect 

«r<. °' ^'^""'^ °' 3D. the structural embodiments of Figures 4-6 

.are included. Figure 4 illustrates a three-sublayer porous dielectric structure, where sublayer 27 may be a 

fnla?dndS™^K"^^^^^ t """^'^y^^' sublayers essentially filing the 

S^mSs in int?, 24)- Sublayer 29 may be. e.g.. a second dense sublayer which 

s^r^r^T ^nT ^f V 7^'' ^"^''"^^^ ''^"^"^^ °' 9°°d bottom adherence (between 

It f"^ '"^"'^""9 '«yer 22). a low dielectric constant material between conductors 24 (sublayer 

28). and a relatively solid top sublayer 29 to add strength and protection for the more fragile core sublayer 

Figure 5 illustrates an embodiment wherein dielectric top spacers 58 are formed on top of conductors 
aluminum J^;;1h ^h' ''°'°'!f """^y^^^" ^his may^ be accomplished by depositing a conducting film (e.g. 
aluminum alloyed with a small amount of copper) over insulating layer 22. depositing an overlying insulating 
Wm (e.g. of sHicon. dioxide), and patterning both from one photoresist mask. In this arrangement the 
positioning of the transition region between porous sublayers 28 and 29 is not as critical as that of Figure 5 
By preferably attempting to center this transition region midway down top spacers'58. intralayer capaci- 
tance may be more tightly, controlled, capacitive flinging effects through sublayer 29 may be reduced and 
better contact between the patterned layer and sublayer 29 may be effected ' " ' • ' . ■ 
60 \f «'"bodim,ent which builds on that of Figure 5, by adding clielectric' bottom Spacers 

flT 'r P^"f^;'^'^ '^r""- Because conductors 24. are most likely electrically connected thrbugh vias to 
lower layers of the device, this layer is preferably initially formed and patterned as part' of irisulatirig layer 
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,a„r 22 (e.g. a top porton of 22fom,ed ol »n "^»^^^^^ L oonduc»9 

possible lo romo.o portions ot the hard, masK, lying INs 
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Previous interlayer dielectric. Insulating layer 



AlCu alloy an(j/or refractory metal Conductors 
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27.28,29 
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Preferred or Specific 
Examples 



Generic Term 



TEOS stock 



Precursor solution 



Surface-tnodified dried gel 



Porous. dielectric sublayer 



Silicon dioxide 



58 ; Silicon dioxide 



45 60 



Silicon nitride 



I Non-porous dielectric layer 



Dielectric top spacers 



[Dielectric bottom spacers 



Other Alternate Examples 



Previously-formed layers of a 
semiconductor device, , . , 
substrate 

Al, Cu, Mo. W, Ti, and alloys 
of these ' ' ' 

Polysilicon, silicides. nitrides, 
carbides 

Solution of particulate or 
colloidal silicon, germanium, 
titanium, aluminum silicate 
ratioed TEOS/MTEOS 
(methyltriethoxysilane) stock, 
ratioed TEOS/BTMSE 
(1.2-Bis(trimethoxysilyl)ethane) 

stock 

Supercritipally-d'ried aerogel, 
other fine-pored porous 
dielectrics , , 



Other oxides. B or P-doped 
Si02. silicon nitride, silicon 
oxy nitride ' ■ 

Parylene. polyimides; 
organi c-contai n ing oxide 

Silicon nitride, silicon 
oxynitride. organic-contajning 
pxide 

Same as non-porous dielectric 
layer - > ■ 



replaced). A post-bake of the dried porous layer e.g. at ^100 to 450 ^g^J^^ OJ^ ■ ^^^^3,^^ a 
n,ay be .perfprrr^ed,. prior to deposition, of any, ^ eSSts |Jen hereh. Properties 
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I. A method of forming a porous dielectric on a semiconductor device comprising- 
providing a patterned layer formed on a substrate; a- 
, . providing a solution capable of forming a wet gel; 
., coating said substrate with said solution; , ' 

gelling said solution to form a wet gel on said substrate, and 

. The method of claim 1 . further comprising providing: 

said, wet gel containing pores an-anged in an open-pored structure: and 

poros tyTy' a7L"To?'^7^'*"^ " ""'"'"^'^ transition region differing in 

SSy ?he?ncorirat?o^J^^^ ''^^"^ ^"^''"9^ t*^^" 80 nm. 

Whereby the mcorporat.on of extremely porous sublayers into said porous dielectric layer is facilitated. 

^^adSn?l,f ^ ^' '^'^ ^'■^'"9 a controlled manner step comprises: 

sol^e^rri:: i^olIX™ " ^ '^^''^^ '"'""^^ °' -° 

ruJTT''^ evaporation of said solvents such that the ratio of the solvents present in said wet ael 
^^'^^^^S-:::^"- — —V is ac^hieved in sl^stSaTy' 

illrt.m?.?f,°' "'fir ' °' ^' ^^'^ ^^^'"9 ^ manner step comprises varying 

whVr!r H °. ""^ ''^'^ """" ^'te^ the surface tension of^ d pore ffuW 

poroutLTectS^^^ ^"'^^'-''^"^ vertical xross-s^Son of safd 

r'^aX'^'grlt'^n'^irlT^^^^^ ^^"'"^ ^'^P' -^'^^-9 30"/o of 

Srrnkaae o?Sfdn2,i ^"'^ substantially stable surface groups, whereby 

snnnkage of said gel during said drying step is controlled. . , . 

^^^So^tld£lT^:Z "r^^'" " P""^--"^^ '^y^^ =*«P ^°-P"-« P--ding 

trrJuTL^uTnoiH / , ^^'^'^"^ S-'^^P consisting of: aluminum copper 

titanium, platinum, gold, tungsten, polysilicon. tantalum, nickel. TIN. TiSi^. and combinations thereof. 

dTeteSrirS^er ""'^'""^ ^^'^ P^"^^"«^ '^y- <=°-P-'"9 '-3t one 

A method of any preceding claim, further comprising: • 

providing first and second solutions capable of forming a wet gel- 
coating said substrate with said first solution- 

coating said substrate with said second solution- 
Qel cCalnfonr^fr'' '° '"'"'^ ^ ^el contacting said first wet gel. said second wet 

ts:^:^^;^:^^^"-^^-' "^-'^"^^ - ^^^^-^ - — 

drying said first and second wet gels to produce the porous dielectric layer. 

9. The method of claim 8. further comprising forming said first wet gel as a first porous dielectric sublav^r 

10. The method of claim 8 or claim 9. further comprising: 

providing a third solution capable of forming a wet gel- 
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containing pores arranged in an open-pored structure and a third porosity, said second and third 
porosities differing by at least 20%: and . . = 

during said drying step, also drying said third wet gel. . . , , . ^ ■ ; 

11. The method of claim 10 when dependant on claim 8. furtHer comprijng forming said first_and third wet 
gels as first and third porous dielectric sublayers with porosities m the range of 15/° ^ 50 /o. and sa.d 
second wet gel as a second porous dielectric sublayer with a porosity greater than 50 /o. 

12. A semiconductor device which comprises: 
a patterned layer formed on a substrate; and ^ ^ , , ooih ,^r,rr.■,.! 
a porous dielectric layer deposited at least ir, the gaps formed by sa.d P^"^^^ 

dielectric layer comprised of at least two porous dielectric sublayers, pars of sa.d «"b^y;;s v^^k:*. 
Share a common transition region diHenng in porosity by at least 20% sa.d P^"^ 
having average pore diameters ofless than 80 nm. whereby an extremely porous dielectric sublayer 
S a dielecwc constant less than 2.0 may be effectively adhered tb said semiconductor device and 
particle contamination from breakage of an extremely porous sublayer may be avoided. . 

13. The semiconductor device of claim 12. wherein said patterned layer ^'^^^''^^l^'^'';^'''!'^^^^^^ 
from materials selected from the group consisting of: aluminum, copper, titanium, platinum, gold. 

20 • tungsten, pdlysilicqn. tantalum, nickel. TiN.TiSiz. and combinations thereof. 

14. The semiconductor device of claim 13. wherein said patterned layer further comprises at least one 
dielectric sublayer. 

25 15. The'semiconductor device of any of claims 12 to 14. wherein said ^'^'^^ '^^^^^^''^^''^^ZJ^^^^ 

and bottom porous dielectric sublayers, said top porous sublayer having a porosity .n the range of 15/c 
to 50%. said bottom porous sublayer having a porosity greater than 50%. 

16 The semiconductor device of any of claims 12 to 14. wherein said porous dielectric layer comprises 
30 top mi^?. and bottom porous dielectric sublayers, said top and bottom porous sublayers ha m 
porosities in the range of 15% to 50%. said middle porous sublayer having a' porosity greater than 
50%. . . . 

17. The semiconductor device of any of claims 12 to 16. wherein said common transition regions have a 
35 gradual change in porosity. 

18. The semiconductor device of any of claims 12 to 17. wherein said common transition regions occupy at 
least half the total height of said porous dielectric layer. 

40 19. The semiconductor device of any of claims 12 to 18. further comprising a non-porous dielectric layer 

covering said porous dielectric layer. ' ^ , . , ^ 
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